In the present study, large-eddy simulation (LES) is utilized to analyze lean-premixed propane- increased while the equivalence ratio is lowered.
LES model

140
Three approaches are normally considered for the numerical modeling and simulation of 141 turbulent flow and combustion. These approaches are direct numerical simulation (DNS),
142
Reynolds averaged Navier-Stokes (RANS), and large eddy simulation (LES). In the DNS model,
143
the entire spectrum of turbulence scales is resolved, from the device to the Kolmogorov scales.
144
This necessitates the use of a very fine mesh and very small time step with a prohibitive large 145 number of mesh points. Consequently, this approach is impractical for engineering applications.
146
At the opposite extreme, RANS models solve the time and spatially averaged governing behave in a universally predictable way) are modeled using sub-filter scale models. In this work, 155 we apply LES models, examine their accuracy by comparing the predicted results to data of the 156 experimental measurement, and analyze the simulation results.
Conservation equations
159
Turbulence transfers energy from the large to the small eddies (cascade) all the way down to the 160 Kolmogorov eddies where energy is dissipated according to the following spectrum [18] :
Where, C k is the Kolmogorov constant. In LES, the various flow quantities, Φ, are filtered in the 163 spectral space (by suppressing the components greater than a given cut-off length), or in the 164 physical space (weighted averaging in a given volume). The filtered quantity Φ is expressed as 165 follows:
Where, g is a filter function. For variable density flows, like in the present study, Favre, or 168 density-weighted, filtered quantity, Φ, can be expressed as follows:
Often, the grid is used as the spatial filter. 
Where, ũ is the filtered velocity vector.
176
Momentum equation:
Where, σ is the filtered viscous stress tensor and τ is the corresponding sub-grid scale (SGS) term 179 which can be defined as [19] :
The sub-grid-scale stresses resulting from the filtering operation are unknown, and require
182
modeling. This term can be modeled using different approaches like the Smagorinsky approach
183
[20].
184
Energy equation:
Where, Ẽ and q are the filtered total specific energy and the filtered heat flux, respectively.
187
Species transport equation: 
From this relation, the flame thickness can be increased by a factor F while maintaining the same 211 laminar flame speed. This can be done through the modification of the molecular diffusivity to 212 FD and the reaction rate to i w  /F. Thus, the modified expressions become:
If F is sufficiently large, the thickened flame front can be resolved on the LES computational 215 grid. Based on the above discussion, the filtered species transport equation can be expressed as 216 follows:
Changing the flame front thickness results in modifications in the turbulence-chemistry 
A dynamic formulation has been incorporated to model the efficiency function. In this 224 formulation, the thickening factor and the diffusivity are represented locally as follows [23] :
And:
Where, Ψ(c) is a locally defined sensor function based on the reaction progress variable, c, which 229 can be expressed as follows: 
238
Various models were presented to define the function E in terms of a dimensionless wrinkling 239 factor (the ratio of flame surface to its projection in the direction of its propagation 
Operating and boundary conditions
255
The backward-facing step combustor geometry is shown in Fig.1 
Results and discussions
295
The results of the experimental and numerical investigation are presented in this section. These be seen in the figure in terms of the overall features and average and rms axial velocity contours.
314
The overall length of the recirculation zone, primarily impacting the size of the secondary eddy,
315
is under-predicted.
316
As can be seen from respect to the recirculation zone, anchoring at the near the step where the primary eddy forms.
355
The angle of the flame with respect to the flow also increases at higher equivalence ratios, 
